Properties of Synichrotron Radiation
Introduction
X-ray fluorescence (SRF) techniques have a number of features that make them attractive for trace element measurements. They are: 1) High sensitivity; 2) They are non-destructive; 3) The method gives absolute values since x-ray cross sections and absorption coefficients are known; 4) There is no dependence on the chemical form of the elements. This is a problem for techniques which utilize ion sources; 5) Only small samples are needed; 6) Minimum sample preparation is required. Wet samples can be used; 7) Spatial resolution so that mapping of elemental distributions is possible; 8) Sensitivity is a continuous and slowly varying function of atomic number.
The availability of synchrotron radiation sources provides two advantages compared to work with conventional x-ray tube sources presently used for XRF or with charged particle excitation. Among the properties of synchrotron radiation providing those advantages are: 1) The brightness is greater than for x-ray tubes so that better sensitivity and spatial resolution can be obtained; 2) The radiation is polarized which gives reduced Compton and Rayleigh scattering. The advantages of synchrotron XRF (SXRF) compared to excitation by charged particles such as protons and electrons are: 1) Trace element detection sensitivity is better; 2) Energy deposition in the sample is less than for charged particles at comparable trace element detection sensitivities; 3) The analyses can easily be done in air or in helium; 4) The elements can be selectively excited by changing the x-ray energy above and below the absorption edges; 5) Charge buildup on non-conducting samples is not troublesome; 6) Chemical speciation is feasible.
We have started an experimental exploration on the use of synchrotron radiation for trace element measurements in various types of samples. Initially, radiation damage to blood and tissue samples was investigated' with a white beam at the Cornell High Energy Synchrotron Source (CHESS). Knowledge of the radiation induced changes of these samples is naturally important in determining the ultimate usefulness of synchrotron radiation for biological research. These effects, however, will not be addressed here. In the present experiment we investigate the sensitivity of the SXRF method for measurements of elemental composition when an energy dispersive Si(Li) x-ray detector is used for detection. The question of sensitivity has been previously addressed, mainly from a theoretical standpoint, by Sparks2 and Gordon.3
The properties of radiation from a synchrotron light source have been discussed previously.4 Here, it suffices to point out that these sources possess the following characteristics which are of general importance:
1. They are very high brightness sources. This means that high photon flux is available to irradiate the sample. 2. The radiation is highly polarized in the plane of the electron orbit which reduces Rayleigh and Compton scattering by the sample. 3. The radiation varies in energy from zero to some maximum value. Hence, a monochromator can be used to make a monoenergetic, variableenergy photon beam with substantial photon fluxes.
These properties are illustrated for the CHESS source in Figs. 1 and 2 . The spectral distribution of photons produced by CHESS is shown in Fig. 1 . The available photon flux is orders of magnitude greater than for most tube sources and the usable photon intensity covers an interval from-0 to 50 keV in energy.
The calculated polarization of the photons is shown in Fig. 2 . This curve gives the polarization as a function of vertical displacement from the plane of the electron orbit. Zero on this plot is the horizontal plane of the electron orbit. The curve in this figure was integrated over the finite acceptance of our 30 mm2 Si(Li) detector positioned 2.5 cm from the beam. The sum of the two components is the total intensity of the incident photon beam and is responsible for the excitation of the characteristic x-rays. When the detector is placed at 900 in the horizontal plane, assum- By tuning the radiation to a specific energy, the elements just below the absorption edge are preferentially fluoresced. Results and Discussion Figure 7 shows sample spectra for 13.00 keV and 15.98 keV x-ray fluorescence of thick samples of pressed NBS Orchard Leaves (SRM 1571) counted for 300 sec in the geometry described above. The areas under the K x-ray peaks observed for elements up to Sr were determined and used to calculate the minimum detectable limits (MDL) from the expression given by Currie:5 MDL = 3.29 C B / N where C is the mass fraction in parts per million by weight, N is the net number of counts in the peak after background subtraction and BG is the number of counts in the background. The results are shown in Fig. 8 . The slight increase in the MDL at high Z for the 16.25 keV energy arises from an increased background resulting from the Compton and Rayleigh scattering peaks. Results of a measurement on a thick target of glass, NBS SRM 612, are similar to those shown in Fig. 8 .
Gordon3 presented calculations of sensitivities for trace element determinations using Si(Li) detectors, thin targets, and the design values of photon fluxes to be produced by the National Synchrotron Light Source. Our experimental values are in reasonable agreement with his calculations if allowance is made for the differences in photon flux between CHESS and the NSLS design values. The differences in measured sensitivity are a striking confirmation of the need to carefully pick a particular photon energy in order to minimize the MDL for a given element. It can be seen from Fig. 8 that it is possible to obtain an MDL on the order of a few hundred parts per billion when the energy is suitably chosen.
A striking difference between the spectra is the lack of lead fluorescence with the 13.00 keV x-rays. This is of great importance in the determination of arsenic and lead since the As Ka peak interferes with the Pb L.l peak. As is selectively fluoresced by tuning the monochromator to a photon energy of 13.00 keV, between the As and Pb Llll absorption edges of 11.863 keV and 13.044 keV, respectively. It should be noted that the PbL1ll absorption edge, which results in L01,L62, and Ll x-rays, is at 13.044 keV and the Pb Ll absorption edge, producing L 1 and LYi x-rays, is at 15.207 keV. Therefore the reTative intensities between these lines will not be the same as they would be for tube excited x-ray fluorescence or PIXE. Leaves standard,appears to have been fluoresced. It lies at the same position as the Ca Ka sum peak, which would be the dominant sum peak. The Ca Ka and K Ya sum peak lies under the Fe peak. However, the K Ka sum would lie between the Fe Kx and Fe Kg and it does not appear in the spectra. Therefore we are confident that we did not have major rate problems and that the peak can be attributable to the presence of nickel. This observation is consistent with the value of the MDL shown in Fig. 8 .
The background is due, at least in part, to the large solid angle our detector subtended. As far as total counts are concerned the scattered photons were in the largest single component of the spectra. Roughly 2-5% of a peak's intensity will be distributed throughout the entire spectrum, contributing to the background. This contribution could be lowered by reducing the solid angle of the detector eliminated by using a wavelength dispersive detector.
Conclusions
The present experiment demonstrates that trace element concentrations less than 1 part per million can be easily measured in a thick biological specimen with a simple energy dispersive detector. These detection limits can be achieved with beam sizes of submillimeter dimensions so that it is already possible to think of making relatively detailed elemental maps. We have already carried out some work along these lines during our runs at CHESS by measuring individual mineralogical features in several coal samples and will continue this work in the future.
Improvements in the MDL will be possible by use of wavelength dispersive spectrometers and by use of accelerators which produce a higher photon flux. These considerations will make use of the National Synchrotron Light Source at Brookhaven extremely attractive for trace element determinations either in bulk materials or for use as an x-ray microprobe.
